This article describes enhancements to the physical layer design of single-carrier (1x) cdma2000® wireless networks introduced by Revision C of the IS-2000 standard (commonly referred to as 1xEV-DV). These improvements are mainly for the support of high-speed wireless packet data service on the forward (base station to mobile station) link. A new shared channel, the forward packet data channel, F-PDCH, is introduced to significantly increase spectral efficiency. This is accomplished through smart, channel-dependent scheduling of base sation, BS, resources by taking advantage of the delaytolerant nature of data traffic. This shared channel utilizes fast link adaptation through adaptive modulation and coding supported by the feedback of channel quality information. A form of hybrid ARQ Type II technique commonly referred to as asynchronous adaptive incremental redundancy compensates for frame error events due to imperfect link adaptation. The impact of the new channel on voice capacity of the system is designed to be minimal because the F-PDCH utilizes resources that are not consumed by real-time users.
INTRODUCTION
Revision C of IS-2000 was developed to satisfy the push for high-speed wireless data services at rates significantly beyond those defined in current wireless cellular systems. Revision C, which is backward compatible with previous revisions, is also referred to as 1xEV-DV (1x radio transmission technology Evolution for high-speed integrated data and voice). The push for higher data rates is motivated by the growing demand for wireless data services such as mobile Internet, video streaming, and multimedia, among others. This article describes enhancements introduced by Revision C to offer higher data rates and sector throughput on the forward link to meet this growing demand. The focus on the forward link is due to asymmetry of data traffic that is currently significantly higher in the forward than in the reverse direction.
Existing cdma2000 systems can offer packet data services in a manner similar to that for voice services over a single carrier with a bandwidth of 1.25 MHz using code-division multiple access (CDMA) technology. The single-carrier system, commonly referred to as cdma2000 1x, is defined in Revision 0 of the air interface standard IS-2000 [1] . In cdma2000 1x, both data and voice services are supported by dedicated code-division multiplexed (CDM) channels. Voice traffic is transported at variable rates of up to 14.4 kb/s over the fundamental channel (FCH). Packet data traffic at speeds higher than 14.4 kb/s can be transported at a range of data rates up to 307.2 kb/s over the supplemental channel (SCH) in both the forward (base station, BS, to mobile station, MS) and reverse (MS to BS) directions. Dedicated channels are well suited for real-time traffic such as voice and video. However, they cannot exploit either the bursty nature and delay tolerance of packet data, or opportunistic scheduling of MSs experiencing fading.
Given delay-tolerant data traffic, resources can be managed in a much more effective manner to deal with fading. For dedicated channels such as the FCH and SCH, fading is detrimental and therefore constantly mitigated with fast power control. This approach can burden system resources under deep fading conditions, which require high levels of transmit power. However, fading can be used to substantially improve the efficiency of the radio link. Since channels vary independently, there is almost always going to be at least one MS whose channel quality is near its peak. In point-to-multipoint links such as those between a BS and many MSs, the opportunistic nature of fading leads to multi-user diversity gain [2] . Provided a certain predefined fairness criterion [3] is satisfied, the throughput is maximized if all forward link resources, such as Walsh codes and power, are allocated to the MS with the best channel condition and the highest supportable data rate. Hence, the approach to system design that provides for multi-user diversity is not through dedicated channels, but rather a shared channel.
The increase in capacity multi-user diversity offers comes, however, with certain costs and constraints. First, there is a delay since ideally an MS receives data only in good radio conditions. Second, there is reverse link signaling overhead incurred in the form of a feedback channel from the MS to the BS to inform the BS about the most recent forward link channel quality. This channel quality information is then used at the BS to grant a particular MS access to the shared channel and to select the most efficient modulation and coding scheme. This form of closed-loop link (or rate) adaptation [4] is also referred to as adaptive modulation and coding. Third, there is a need for hybrid automatic repeat request (H-ARQ) Type II techniques at the physical layer [5] (unlike conventional ARQ, which performs only error detection, H-ARQ Type II performs joint decoding of current and previous transmissions, and error correction in addition to error detection). It compensates for frame error events due to imperfect link adaptation under rapidly changing channel conditions or with inaccurate channel quality measurements. It also permits more aggressive FER targets and lower delays. The latest revision of the IS-2000 standard, Revision C [6] , incorporates the above ideas by introducing the forward packet data channel (F-PDCH), which is shared among users. Its introduction allows Revision C to flexibly support data service with dedicated channels, shared channels, or a combination of the two. A number of features characterize the F-PDCH. It allows link adaptation and H-ARQ Type II in the form of asynchronous adaptive incremental redundancy (AAIR) with turbo codes. It is designed to utilize BS resources that are not allocated to forward dedicated channels. The nature of the shared channel has several consequences. The channel is never placed in soft handoff, and in order to accommodate fast link adaptation, the frame or slot size on the F-PDCH is relatively short, up to 5 ms. The F-PDCH requires a number of support channels in both forward and reverse directions. The result of all these enhancements is that the F-PDCH can achieve a peak data rate of 3.0912 Mb/s. This article describes the physical layer changes of Revision C relative to previous revisions of the IS-2000 air interface standard. The article is organized as follows. The next section describes the design of the shared packet data channel from the perspective of fast scheduling of shared resources. The third section presents details behind link adaptation to enable efficient use of system resources. The fourth section covers modulation, coding, and retransmission schemes. The final section presents concluding remarks.
RESOURCE MANAGEMENT VIA THE FORWARD SHARED PACKET DATA CHANNEL
This section presents the forward shared packet data channel design from the viewpoint of BS resources and their management. It discusses issues in the management of power and code resources in three parts: efficient sharing of resources, control channel design for signaling and scheduling resources to MSs, and system operation without dedicated channels. To simplify the discussion, a single shared packet data channel is assumed with the understanding that Revision C allows for two code multiplexed PDCHs.
EFFICIENT SHARING OF RESOURCES
Prior to Revision C, power and code resources were allocated solely on a dedicated basis for data traffic. In this approach, dedicated channels are power controlled to compensate for fading, and assigned a set of channelization codes referred to as Walsh codes for a relatively long period of time (on the order of seconds or minutes). Allocation of resources in this fashion is characteristic of circuit switching. Circuit switching, however, is inefficient for bursty data traffic and wireless channels. The former is well known because when there is no data to be transmitted, the already dedicated resource (in this case, the set of Walsh codes) is wasted. For the latter, the radio condition can change rapidly (on the order of milliseconds), the extended allocation of resources to an MS (e.g., for 1 s or longer) can result in large swings of power requirements and hence poor resource utilization. Revision C introduces an alternative, more efficient, approach to resource allocation for data traffic. Three benefits are obtained. If multiple MSs were to share the BS resources with time-division multiplexing, the waste of resources would be avoided. Resources could be allocated over a relatively short period of time (on the order of milliseconds) to an MS for which data exists.
Second, if forward link channel quality information were available at the BS, resources could be smartly scheduled to improve spectral efficiency. Resources can be allocated to an MS (experiencing fading) when its channel quality is good. This approach not only avoids wasting resources, but also improves the spectral efficiency by serving MSs with rates higher than those without this approach. This type of resource allocation (shared channel with asynchronous dedications) is characteristic of packet switching. It should be noted that, in a way, resources are "dedicated" to an MS. However, the resources are allocated for a brief period of time and can be reallocated to different MSs quickly (up to once every 1.25 ms in IS-2000 Revision C). 1 The third benefit of packet switching is that, in principle, resources can always be fully used. Recall that in current systems, leftover resources can exist. The amount varies with time, and depends on the number of dedicated channels and power allocated per channel. Revision C makes use of these leftover resources for the shared packet data channel to realize the complete allocation of resources. This can be viewed in another way. The use of a shared packet data channel in place of multiple dedicated data channels allows for full use of resources. The dedicated approach would require power margins and would not be able to accommodate short-term changes in resources due to the departure or arrivals for voice service. 
SIGNALING AND SCHEDULING OF RESOURCES
Since the shared packet data channel is dedicated to a single MS only for a short period of time (1.25, 2.5, or 5 ms), a specially designed forward overhead control channel, the forward packet data control channel (F-PDCCH), is needed for several functions. It is needed to efficiently indicate the "dedicated" or scheduled MS, specify the Walsh codes used by the F-PDCH, and indicate many other parameters needed to help demodulate and decode the F-PDCH. Note that the scheduling algorithm is not standardized and is implementation-dependent. Figure 1 shows the message format used in the F-PDCCH. The message sent in the F-PDCCH also includes some necessary information, such as encoder packet size, subpacket ID, and others (Fig. 1a) . They are used by the MS specified by the MAC_ID to decode the F-PDCH message. The usage of each field is discussed in later sections. Note that the F-PDCCH is the only channel to which the BS can be certain that all the F-PDCH-receiving MSs are always listening. Therefore, some broadcast information needed by the MS to decode the user's data is in the F-PDCCH. Walsh code bitmap update is an example; in that case, the F-PDCCH format is in Fig. 1b . The Walsh code bitmap delineates the Walsh codes assigned to the F-PDCH. This information is broadcast through the F-PDCCH because the Walsh codes assigned to F-PDCH can change during the call and this needs to be known by F-PDCH-receiving MSs. The bits in Walsh code bitmap indicate if a certain Walsh code is assigned to the F-PDCH. The detailed relationship between the Walsh code bitmap and the actual Walsh codes used for the F-PDCH is beyond the scope of this article; the interested reader is encouraged to consult [6] .
WALSH CODE MANAGEMENT FOR F-PDCH
This subsection discusses the issue of Walsh code management for the F-PDCH in terms of Walsh code length, communication of the available Walsh codes, and selection of Walsh codes for the F-PDCH. Recall that one of the motivations in F-PDCH design is to use the Walsh codes and forward transmit power not used by the overhead and dedicated user traffic channels for the transmission of high-speed packet data. Since the data throughput, even for the same amount of total transmit power, is, in general, an increasing function of the number of Walsh codes used by the F-PDCH, the Walsh space for this channel needs to be maximized. Therefore, the F-PDCH is designed so that a large number of length 32 Walsh codes can be used for the F-PDCH, and the Walsh code assignment algorithm of SCHs and FCHs in a 1xEV-DV system should be such that a large number of length 32 Walsh codes are available for F-PDCH. The choice of length 32 as a basic unit of the Walsh space is a compromise between throughput and complexity.
To decode the F-PDCH, the MS must know which length 32 Walsh codes are currently used for the F-PDCH. Since the F-PDCH Walsh codes (number and membership) can change during an F-PDCH call, it cannot be determined and known to the MS at call setup. Typically, since the set of Walsh codes used by the F-PDCH changes at a rate much slower than 800 Hz, information on the Walsh code space need not be sent every 1.25 ms. As a compromise, the F-PDCH Walsh code information is broadcast to the MSs via a special message on the F-PDCCH. 2 The timing of the broadcast is implementation-dependent and not specified in the standard.
OPERATION WITHOUT A DEDICATED FORWARD CHANNEL
If the MS wants to receive only services provided by the F-PDCH, Revision C allows for MS operation without any assigned dedicated forward channel. For these types of MSs, the absence of a dedicated and continuously transmitted signal creates some special issues. These include power control of the forward and reverse link signals without a dedicated channel, and forward link supervision.
The reverse link operation of the F-PDCHonly MS in the active state, except for some additional overhead channels, has not changed from the previous revision of IS-2000. However, since a dedicated and continuously transmitted channel in the forward link to which the power control commands can be inserted is not assigned, the power control commands have to be sent in a separate channel. The forward-common power control channel (F-CPCCH) is used for that purpose. An MS subscribing to the F-PDCH uses either radio configuration (RC) 3 or 4 for reverse link transmission. Normally, power control commands, controlling dedicated forward traffic channels, are punctured on the reverse-pilot channel. However, for the F-PDCH-only receiving MS, since a dedicated forward traffic channel is not assigned and power control commands are unnecessary, power control commands are not transmitted on the reverse link.
The absence of a dedicated forward channel requires a modification to forward link supervision. Prior to Revision C, the existence of a dedicated channel enabled the MS to easily monitor Fig. 1 .
forward link quality. Specifically, frame erasures could be monitored via the cyclic redundancy code (CRC) used as a frame quality indicator. In Revision C, however, a dedicated traffic channel to an MS may not be available given the F-PDCH. To solve this problem, an alternative method for link quality monitoring is used based on the received energy of the reverse link power control commands (transmitted on the F-CPCCH), which is a dedicated subchannel. 3 
EFFICIENT USE OF RESOURCES: LINK ADAPTATION AND SECTOR SWITCHING
Given the power and code resources available to the F-PDCH, as outlined in the previous section, this section describes the approach efficiently applying these resources in five parts: link adaptation, channel quality information feedback, sector selection, feedback channel encoding, and the sector switching protocol.
LINK ADAPTATION
To maximize the spectral efficiency of a communication link for a given set of resources, the data rate (i.e., the modulation and coding scheme) of the F-PDCH needs to be optimized according to the channel quality of the link. Revision C introduces link (or rate) adaptation whereby the feedback of channel quality information is used to help determine the optimal data rate of the F-PDCH. Link adaptation allows the BS to track changes in the channel quality (and hence optimal data rate) and select the optimal data rate at a maximum rate of once every 1.25 ms. A more detailed discussion of the modulation and coding scheme is deferred to a later section due to its close relationship with H-ARQ Type II.
FEEDBACK OF CHANNEL QUALITY INFORMATION
In order to enable this fast link adaptation feature, the BS has to know the forward channel qualities of the MSs of interest. The reversechannel quality indicator channel (R-CQICH) is a new reverse link channel in Revision C to support fast link adaptation of the F-PDCH. The MS subscribing to the F-PDCH service has to transmit an indication of the forward link quality in the R-CQICH (Fig. 2) . This indication of quality is the measured pilot signal to interference plus noise ratio (SINR) seen at the MS from the best BS in the MS's active set. Since the channel quality is only that of the strongest pilot seen at the MS, the MS must also indicate the identity of that best BS in the R-CQICH. Based on the information on the R-CQICH, the BS determines the data rate of the F-PDCH and sends the data rate to the mobile via overhead messaging on the forward link using the F-PDCCH. This is accomplished by sending the encoder packet size given the number of Walsh codes used by the F-PDCH determined from the last Walsh code indicator and the Walsh space mask bitmap (Fig. 1) . The MS can then determine the data rate uniquely form this information and the number of slots (1.25 ms intervals) the F-PDCCH message occupies. 4 The optimal data rate selection rule as a function of the reported channel quality is outside the scope of the standard. In this section only the new channel structures and new related protocols that support fast link adaptation of the F-PDCH are discussed.
SECTOR SELECTION: R-CQICH COVER
Revision C does not support soft handoff for the F-PDCH but rather sector selection. The rationale and description of sector selection are discussed here. Recall that the F-PDCH uses resources not used by the forward link overhead and dedicated channels. As a result, the resources and, in particular, the Walsh code resources available to the F-PDCH of each BS depend on the system load and can, in general, vary between BSs. Due to the complexity of ensuring common sets of Walsh codes for the F-PDCH across neighboring BSs (and other issues such as varying BS power, close coordination requirements among BSs, and issues with MS receiver complexity, e.g., memory buffer requirements, in soft combining F-PDCH transmissions from two different BSs that are not closely synchronized), Revision C does not support soft handoff for the F-PDCH.
Instead of soft handoff, macrodiversity in the F-PDCH is achieved through sector selection. Although the F-PDCH is not soft-combined at the MS, the MS indicates to the BS, on the R-CQICH, the sector from which the MS wishes to receive the F-PDCH. The R-CQICH indicates the desired sector by selecting a length-8 Walsh code (or R-CQICH cover) for Walsh spreading of coded symbols, as illustrated in Fig. 2 . Consequently, the sector selection information for a particular F-PDCH is also transmitted on the R-CQICH besides the channel quality information. The MS is assumed to report the channel quality from the sector of the strongest pilot with the sector's identification, and the BS can assume that the MS is listening to the control channel (F-PDCCH) from the sector the MS delineates. When the sector with the strongest pilot changes, the MS indicates this to the BS with a special sector switching procedure. This procedure, necessary to ensure that the BS will receive the sector selection information with very high probability, is covered in a later subsection.
ENCODING OF CHANNEL QUALITY INDICATOR
The design behind the encoding of the R-CQICH strikes a balance between minimizing data rate while maintaining reliable transmission. Encoding of the channel quality information, or more precisely the strongest pilot E c /N t at an MS, requires 4 bits to be transmitted at up to every 1.25 ms. For reliable reception of the channel quality information, there should be enough received energy at the BS. Simulation shows that having a reliable R-CQICH reception with less than 1 percent symbol error rate is equivalent to adding a voice channel in the reverse link [9] . The reverse link capacity can therefore be greatly reduced by the introduction of R-CQICH. Revision C minimizes the deterioration in the reverse link due to R-CQICH by allowing for differential encoding of the channel quality, as shown in Fig. 2 . Simulations have shown that even if the radio condition variation requires fast updates, allocation of 1 b/(N × 1.25 ms) (N = 1, 2, or 4) is sufficient [7] . 5 The 1 bit of information indicates if the strongest pilot E c /N t is better (or worse) than the previous time slot by a predefined amount. By using this type of differential encoding, the reverse link interference caused by R-CQICH is reduced compared to that with full channel quality indication (4 b/(N × 1.25 ms)).
One drawback of the differential encoding of channel quality information is error propagation. To mitigate this, the full channel quality indication using 4 bits is transmitted every 20 ms. Several combinations are allowed by Revision C between the full and differential indications according to the R-CQICH rate. Also, in conjunction with pilot gating, more combinations of transmission patterns are possible. Details of the possible combinations are covered in the media access control (MAC) section of [6] .
SECTOR SWITCHING PROTOCOL
It is clear that for any cellular wireless system, the MS may move out of the coverage of any particular serving BS. A process by which the MS indicates to the BS that a different sector should now be its forward link serving sector is therefore necessary. Although, in principle, the sector selection methodology described previously could be used to indicate this, it was not adopted because the large number of hypotheses the MS must test for in each R-CQICH feedback would make the detection process less reliable and put unnecessary complexity in the MS. A sector switching protocol was thus designed in Revision C to minimize the complexity of the MS as well as increase the robustness of the detection process.
The MS sends a distinct switching pattern that indicates the new target BS in the R-CQICH for a period of time known as the switching period. The length of the switching period is configurable in multiples of 20 ms and is dependent on whether the source and target sectors belong to a single BS. The BS, furthermore, has the capability to terminate the switch-I Figure 3 . Walsh code multiplexed F-PDCH structure. 6 ing period before the expiration of the configured switching period by sending a message to the MS on the F-PDCCH. At the termination of the switching period, the MS resumes nonsector switching operation of the R-CQICH with the selected target sector.
I

MODULATION, CODING, AND RETRANSMISSION SCHEMES FOR F-PDCH
To support link adaptation and maximize spectral efficiency, Revision C introduces a number of features for the F-PDCH. These include higher-order modulation schemes, turbo coding, and a form of Hybrid-ARQ Type II, AAIR. This section presents many features including the modulation, coding, subpacket transmission, asynchronous adaptive retransmission, and synchronous acknowledgment (ACK) with multiple ARQ channels. Figure 3 shows the high-level structure of the F-PDCH for RC 10 [6, Fig. 3.1.3.1.1.1-19 ]. Information bits are input to a subpacket generation and selection block. This block, which performs CRC encoding, turbo-encoding, interleaving, and so on, is discussed in more detail later. Its output coded symbols are then fed to a highorder modulation block that can apply one of three possible modulation schemes: quaternary phase shift keying (QPSK), 8-PSK or 16-quadrature amplitude modulation (QAM). Figure 4 shows packet encoding and transmission, while Fig. 5 describes F-PDCH operation. The following subsections discuss these figures in detail. Figure 4 shows how packets are encoded and transmitted. Information bits are encoded into a coded packet with a rate 1/5 turbo encoder. The coded bits are then interleaved and scrambled. Transmission is on a subpacket basis. A subpacket can consist of systematic bits plus some parity, or parity only. The duration of a subpacket transmission can be 1.25, 2.5, or 5 ms depending on the data rate used. The BS based on the R-CQICH report and available power selects the encoder packet size and initial data rate.
HIGH-ORDER MODULATION, F-PDCH STRUCTURE, AND OPERATION
SUBPACKET TRANSMISSION
Once an encoder packet is formed, its subpackets are transmitted, and retransmitted until an ACK is received from the MS. A new channel, the reverse ACK channel (R-ACKCH), is used. If the mobile station successfully decodes this encoder packet, it will send an ACK on the R-ACKCH. Otherwise, it will ask for a retransmission by sending a negative ACK (NAK). If the ACK is not received after the maximum number of retransmissions (seven), transmission of that particular packet is abandoned. Note that an ACK from the MS is for the encoder packet, not for a subpacket. The MS can check the CRC to determine if an encoder packet is received successfully.
ASYNCHRONOUS ADAPTIVE INCREMENTAL REDUNDANCY
This subsection discusses how packet retransmission is accomplished on the F-PDCH as illustrated in Figs. 4b and 5 . If the MS responds with a NAK to the initial transmission, the BS will send a retransmission. The retransmission encoder packet size must be the same as that in the initial transmission. However, depending on the most recent R-CQICH report and available power for the F-PDCH, a different data rate and hence slot length can be selected for retransmission. This corresponds to the adaptive part of the AAIR H-ARQ scheme. Timing of retransmissions is flexible and corresponds to the asynchronous part of AAIR.
Once the subpacket data rate is determined for the retransmission, coded symbols are selected. The selection process is illustrated in Figs. 4b Bit-by-bit interleaved parity bits from rate 1/5 turbo encoder and 5. There are four possible starting symbols (SubPacket IDentifier, SPID = 00, 01, 10, 11) to construct the subpacket. The mapping between SPID and starting symbol is defined in Section 3.1.3.1.12 of the physical layer part of [6] . It also allows for any choice of SPID for any retransmission including multiple transmissions of the same SPID because the SPID is explicitly sent in F-PDCCH. The transmission of additional redundant symbols for the purpose of error correction and soft combining in response to each retransmission request (until successful frame decoding occurs) is referred to as incremental redundancy.
As illustrated in Fig. 4b , depending on the combination of selected subpacket data rates, certain coded symbols may be repeated or punctured. Note that SPID=00 is also possible for retransmission, which means retransmission of the systematic bits. Moreover, the ARQ Identifier Sequence Number (AI_SN, Fig. 1a) should not be toggled for retransmission because toggling the AI_SN before the reception of the ACK from the MS would instruct the MS to flush that packet and prepare for transmission of another packet.
SYNCHRONOUS ACKNOWLEDGMENT AND MULTIPLE ARQ CHANNELS
The H-ARQ Type II protocol is used to provide reliable transmission in the F-PDCH. It is basically a stop-and-wait protocol. The ACK is sent by the MS after a fixed delay (synchronous ACK) defined by ACK_DELAY. The ACK/ NAK is a binary PSK (BPSK) modulated signal sent by the MS, and the length is 1.25 ms. ACK_DELAY is set by the MS and sent to the BS at call setup. Figure 6 is an example of packet data channel and ACK channel timing. One issue with this simple stop-and-wait synchronous ACK protocol is that the forward link throughput may suffer for a small number of F-PDCH users. In the example shown in Fig. 6 , if there is only one user in the system, slots 2-4 can be wasted. To avoid this problem, multiple ARQ channels are available. Confusion about which ARQ channel is used is avoided by having the BS indicate it on the ARQ_ID field of the F-PDCCH (Fig. 1) . A single MS can thus use multiple ARQ channels. I Figure 6 . An example of packet data timing. 
CONCLUSIONS
